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ABSTRACT
We report the serendipitous discovery of a stellar stream in the constellation Pegasus
in the south Galactic hemisphere. The stellar stream was detected using the SDSS
Data Release 14 by means of a matched filter in the color–magnitude diagram that
is optimised for a stellar population that is 8 Gyr old with [Fe/H] = −0.46 dex, and
located at heliocentric distance of 18 kpc. The candidate stream is faint (turnoff point
at r0 ∼ 19.6), sparse and barely visible in SDSS photometry. It is also detected in the
(shallower) Pan-STARRs data. The residual stellar density in the (u − g)0, (g − r)0
color–color diagram gives the same estimate for the age and [Fe/H] of this stellar
population. The stream is located at a Galactic coordinates (l, b) = (79.◦4,−24.◦6)
and extends over 9◦ (2.5 kpc), with a width of 112 pc. The narrow width suggests a
globular cluster progenitor.
Key words: Galaxy: halo – Galaxy: structure – Galaxy: stellar content.
1 INTRODUCTION
We are in an era of rapidly increasing knowledge of the
complexity of our galaxy, including the discovery of dozens
streams of stars ripped from Milky Way satellites in the stel-
lar halo (Newberg & Carlin 2016) and complex substructure
of the disk (Gaia Collaboration et al. 2018). It has been
suggested that subhalos (including infalling dwarf galaxies)
interact with the disk, to create warps, rings and even the
spiral structure (Purcell et al. 2011; Laporte et al. 2018a,b;
Erkal et al. 2018); alternatively, the interaction of the disk
with the halo could deform the disk (Chequers & Widrow
2017). The substructure of the Milky Way teaches about the
formation processes that built the halo, and puffed up and
warped the disk (Velazquez & White 1999).
The Sloan Digital Sky Survey (SDSS; York et al. 2000)
has provided influential discoveries of density substructure
in both the stellar halo and the disk, including the discovery
of the tidal tails of the Pal 5 globular cluster (Odenkirchen
et al. 2001), the discovery of substructure in the stellar
halo (Newberg et al. 2002), the discovery of the cold stel-
lar stream GD1 (Grillmair & Dionatos 2006), the Field of
Streams image of the major stellar substructure in the north
Galactic cap (Belokurov et al. 2006), an estimate of the halo
mass from the velocities of blue horizontal branch stars (Xue
et al. 2008), a map of the stellar density of the halo and
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discs using photometric parallax (Juric´ et al. 2008), and the
discovery of vertical displacements of the Milky Way disk
(Xu et al. 2015). There were also many notable discover-
ies in other surveys, for example mapping the Sgr dwarf
tidal stream in 2MASS (Majewski et al. 2003), and map-
ping the Virgo Overdensity/Virgo Stellar Stream with RR
Lyrae stars (Vivas & Zinn 2006; Sesar et al. 2013). In recent
years other photometric surveys have been used to discover
substructure; notably eight dwarf galaxies (Drlica-Wagner
et al. 2015) and eleven tidal streams (Shipp et al. 2018)
have been identified in the Dark Energy Survey (DES; The
Dark Energy Survey Collaboration 2005). Currently, data
from DR2 of the ESA Gaia Satellite (Gaia Collaboration et
al. 2018) is transforming our knowledge of the Milky Way
by providing highly accurate proper motions for Milky Way
stars. Recent results that illustrate the extent to which these
observations will revolutionize our knowledge of Milky Way
substructure include: mapping the velocity substructure of
the disk in exquisite detail (Gaia Collaboration et al. 2018),
identifying local halo streams in velocity space (Myeong et
al. 2018) and suggesting the identification of a major merger
remnant in the stellar halo that could have created the Milky
Way’s thick disk (Helmi et al. 2018).
One important goal of the study of Milky Way substruc-
ture is to constrain the density distribution of dark mat-
ter. This has been attempted through fitting simulations of
dwarf galaxy tidal disruption to observed tidal streams (Wil-
lett et al. 2009; Koposov et al. 2010; Law & Majewski 2010;
© 2018 The Authors
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Newberg et al. 2010; Pen˜arrubia et al. 2012; Ku¨pper et al.
2015; Bovy et al. 2016; Sanderson et al. 2017; Dai et al.
2018; Bonaca & Hogg 2018), and the width or gaps in tidal
streams (Carlberg et al. 2012; Erkal & Belokurov 2015; Bovy
2016; Erkal et al. 2016; Sandford et al. 2017; Koppelman &
Helmi 2018). Cold tidal streams are particularly useful for
constraining the shape of the halo and for measuring its
lumpiness; the streams from less massive substructures such
as globular clusters are less affected by the properties of the
progenitor itself and passing subhalos leave larger gaps in
these thinner streams with smaller velocity dispersion. For
a review see Johnston & Carlberg (2016). It is possible that
the substructure of the disk could be used to constrain the
lumpiness or shape of the dark matter halo (Galactoseismol-
ogy; Chakrabarti et al. 2011; Widrow et al. 2012; Go´mez et
al. 2016; Chequers et al. 2018; Laporte et al. 2018a).
In this paper we present the serendipitous discovery
of a cold stellar tidal stream in the Pegasus constellation.
The stream was found while using a matched filter likeli-
hood sample selection in color–magnitude space to study
the Triangulum-Andromeda overdensity (Majewski et al.
2004;Rocha-Pinto et al. 2004). In Section 2, we describe the
selection technique used to obtain the sample. In Section
3, we present the properties and show the signature of this
stellar stream. In Section 4, we summarize the conclusions.
2 DATA AND SAMPLE SELECTION
The main stellar sample used in this paper was selected from
the Sloan Digital Sky Survey (SDSS DR14; Abolfathi et
al. 2018). It consists of all objects classified as stars and
flagged as clean photometry using the flag ”clean=1”. The
ugriz magnitudes (Fukugita et al. 1996; Smith et al. 2002;
Doi et al. 2010) were corrected for Galactic extinction us-
ing the dust maps of Schlegel et al. (1998) as calibrated by
Schlafly & Finkbeiner (2011). We used SDSS photometric
data covering 50◦ < l < 160◦ and −10◦ > b > −60◦. It is
the same main sample used to map the TriAnd overdensity
(Perottoni et al. 2018). Hereafter, the sample will be called
SDSSprimary.
The stream was discovered in a plot of celestial coordi-
nates of stars sampled with a high probability of belonging
to a single stellar population. The probability is calculated
using the method similar to that described by Jørgensen
& Lindegren (2005), but instead of estimating a probabil-
ity for a stellar age we adapted the method to obtain the
probability for a set of parameters: age (τ), metallicity (ζ),
and distance (d); which represent a simple stellar population
(SSP). Equation 3 from Jørgensen & Lindegren (2005) was
rewritten to include the distance:
f (τ, ζ,m, d) ∝ f0(τ, ζ,m, d) L(τ, ζ,m, d) (1)
where f (τ, ζ,m, d) dτ dζ dm dd is defined as the probability for
the star to have an age between τ and τ+dτ, metallicity be-
tween ζ and ζ +dζ , mass between m and m+dm and distance
between d and d + dd. f0(τ, ζ,m, d) is the prior distribution
and L(τ, ζ,m, d) is the likelihood obtained from models and
observations, as described by Jørgensen & Lindegren (2005).
In our case, we use as observables a color (i.e. g−r) and a
magnitude (i.e. r) and their respective errors.
Figure 1. Color–magnitude diagram of SDSS stars located be-
tween 50◦ < l < 160◦ and −10◦ > b > −60◦. The color scale denotes
the probability of a star being a member of a 8 Gyr-old single stel-
lar population with a metallicity of [Fe/H] = −0.46 and with a
distance modulus of 16.3 (18 kpc).
In order to focus on the probability for a star to belong
to a SSP, we marginalize this distribution in mass, obtaining:
f (τ, ζ, d) = f (SSP) ∝
∫
f (τ, ζ,m, d) dm (2)
which is discretized as
f (SSP) ∝
∑
j
f (τ, ζ,mj, d) (mj+1 − mj−1) (3)
Figure 1 shows a color–magnitude diagram (CMD) for
the r0 vs. (g− r)0 matched filter obtained for the SDSS sam-
ple. The color bar indicates the probability that an individ-
ual star belonging to a single stellar population that has a
metallicity of [Fe/H] = −0.46, an age of 8 Gyr, and is lo-
cated at a distance of 18 kpc. This isochrone comes from
the PARSEC database (Bressan et al. 2012). When defin-
ing the isochrone matched filter, we decided to truncate the
isochrone at its turnoff point (r0 ∼ 19.8) to avoid contamina-
tion from nearby disk stars. Although the original isochrone
continues towards the red giant branch, we expect that the
number of giants stars from the candidate stream should
be orders of magnitude smaller than the number of nearby
disk stars and no real gain would be possible by using the
isochrone filter brighter than the turnoff. The selection was
further truncated at (g − r)0 ∼ 0.8 to avoid contamination
from disk red dwarfs.
The sample SDSSgr are the stars from SDSSprimary
with a probability greater than 0.8 of belonging to the
isochronal filter, as shown in Figure 1, and will be used to se-
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Table 1. Sample selections
Sample Description Figure
SDSSprimary Full sample1 Fig. 1
SDSSgr SSP selection on ((g − r)0, r0)1 Fig. 1; Figs. 2 A and B
SDSSgrgi SSP selection on ((g − r)0, r0) and ((g − i)0, i0)1 Figs. 2C and D; Fig. 4; Fig. 5A
SDSSdwarfs (1.2 < (g − r)0 < 1.4 and 22.3 < r0 < 22.7)1 Fig. 5B
Pan-STARRsgi SSP selection on ((g − i)0, i0)1 i0 < 21.4 Fig. 5C
SDSSgi shallow SSP selection on ((g − i)0, i0) i0 < 21.4 Fig. 5D
OnStream Field SDSSprimary ; 78.9◦ < l′ < 79.9◦ and −19◦ > b′ > −27◦ Fig. 6A, C, and D.
OffStream Left Field SDSSprimary ; 76.9◦ < l′ < 77.9◦ and −19◦ > b′ > −27◦ Fig. 6B, C, and D.
OffStream Right Field SDSSprimary ; 80.9◦ < l′ < 81.9◦ and −19◦ > b′ > −27◦ Fig. 6B, C, and D.
1 Covering 50◦ < l < 160◦ and -10◦ > b > −60◦
lect likely members of the substructure throughout the rest
of this paper. A few additional samples were built to study
the candidate stream, and will be used in the upcoming sec-
tions.
Sample SDSSgrgi corresponds to a double isochrone fil-
ter, containing stars compatible with the same single stellar
population in the i0 vs. (g − i)0 and r0 vs. (g − r)0 CMDs,
with a probability greater than 0.8 in each, as described by
Perottoni et al. (2018).
To rule out the possibility of contamination by a local
structure, we selected a sample of faint SDSS red dwarfs
having 1.2 < (g − r)0 < 1.4 and 22.3 < r0 < 22.7 (hereafter,
SDSSdwarfs). These stars are as faint as some of the candi-
date stream stars and could show us whether we are seeing
a real feature or an artifact caused by variation in the depth
of the SDSS stripes.
Sample Pan-STARRsgi was selected as a validation
sample covering 50◦ < l < 160◦ and −10◦ > b > −60◦ from
the Pan-STARRs DR1 (Kaiser et al. 2010; Chambers et al.
2016) using the star–galaxy separation iPSF − iKron < 0.05.
The Pan-STARRs gP1iP1 magnitudes (Tonry et al. 2012)
were corrected for Galactic extinction. The Pan-STARRS
sample was selected using a matched filter in the extinction-
corrected g0 and (g − i)0 color-magnitude diagram.
All of these samples, as well others explained later, are
summarized in Table 1 for easy reference.
3 STREAM PROPERTIES AND
SIGNIFICANCE
We used the samples defined in the previous section to gen-
erate the maps in the region of the candidate stellar stream.
Figure 2A shows the scatter map obtained using the SDSSgr
sample to a magnitude limit of r0 = 22.3. A faint, narrow
stream can be seen at (l, b) ∼ (79.4◦,−24.6◦) cutting across
the corner of the SDSS footprint. This structure seems to
point towards the globular M15 located at (l,b) = (65.01,
-27.31). However the metallicity and the age from the used
SSP is very different from the M15 population. Its angular
size and heliocentric distance suggest a structure that mea-
sures ∼ 2530 pc in length and ∼ 112 pc in width; these values
are similar to other faint Galactic streams reported in the
literature (Shipp et al. 2018). See Table 2 for a summarized
list of the stream parameters.
In order to test whether the stream could be found at
different distances, we also used the likelihood filter for the
Table 2. Parameters of the stellar stream
Parameter Value
R.A. (328.◦3; 333.◦4)
Dec. (20.◦8; 28.◦1)
l (76.◦4; 85.◦4)
b (−25.◦5; −23.◦0)
Age 8 Gyr1
[Fe/H] −0.461
(m −M)0 16.3 ± 0.25
Heliocentric distance 18±2 kpc
Galactocentric distance 18.4 ± 2 kpc2
Width (FWHM) ∼ 0.◦4 (∼ 112 pc)
Length ∼ 9.◦04 (∼ 2530 pc)
Luminosity 1 − 3 × 103L
1 Values adopted from the isochronal likelihood filter.
2 We adopted 8.0 kpc for the Solar Galactocentric radius.
same population, shifted to 15 and 21 kpc. The signature of
a stream-like candidate cannot be seen at these distances.
From this and Fig. 2, we conclude that this stellar stream
is located at around 18 kpc from the Sun. We note, how-
ever, that matched filter fits to color–magnitude diagrams
are known to have large uncertainties in the distance of the
stream; for example the distances in Martin et al. (2013)
compared to estimates of distance for Pisces stream with
previous works (Bonaca et al. 2012, Grillmair, C. J. 2012).
Figure 2B differs from Figure 2A by going deeper, down
to r0 = 22.7. In this deeper sample, the stream shows a better
contrast with respect to the field, although it also highlights
the varying completeness of SDSS data at different sky posi-
tions using the filter. Because we are able to see the stream
in Figure 2A, for which the SDSS r0 magnitude completeness
is about 95% for stars (Stoughton et al. 2002), and because
the stream does not appear to follow the SDSS stripe pat-
tern (it crosses three stripes), it is unlikely that the stream
is a result of varying completeness levels in SDSS.
Figure 2C shows the projection of the stars selected
using the sample SDSSgrgi to a magnitude limit of r0 < 22.7.
The contrast of the stream is more clear at this selection
than in the other two. Figure 2D shows the same selection
with arrows to highlight the stream. Since the signal in this
panel is clearer, we decided to use this sample to analyze the
candidate stream in the remainder of paper.
We now check to see whether the apparent stream could
be an artifact of high or low interstellar extinction. Figure
MNRAS 000, 1–9 (2018)
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Figure 2. Panel A: stellar projection of sample selected to have a probability > 0.8 in (g − r)0 versus r0, to the magnitude limit of
r0 < 22.3, belonging to the SSP (shown in Figure 1). Near (l, b) = (80◦, −25◦), a faint stream of stars can be seen cutting across the SDSS
footprint. Panel B: stellar projection of a sample selection equal to Panel A, but at magnitude limit of r0 < 22.7. The stream can be seen
more clearly in this panel. Panel C: stellar projection of sample selection that is simultaneously compatible with the SSP in two different
CMDs ((g − i)0 versus i0 and (g − r)0 versus r0) with a probability > 0.8 on both CMDs and to the magnitude limit of r0 < 22.7. Panel
D: shows the same projection as Panel C and is zoomed in with the addition of arrows to highlight the stream.
3 shows the extinction map in the sky region around the
stream. The white arrows have been included to indicate the
apparent position of the structure from Figure 2. From this
we conclude that position of the stream does not correlate
with any specific structure in the extinction map.
In order to estimate the significance of the detected sig-
nal, we selected a region of 333.5 deg2 around the overden-
sity. This region was then rotated into a coordinate system
in which the stream was aligned with the l ′ axis using the
following equations:[
l ′
b′
]
=
[
cos(θ) sin(θ)
− sin(θ) cos(θ)
]
·
[(l − l0) cos(b)
(b − b0)
]
+
[
l0
b0
]
(4)
The (l, b) coordinate system was rotated around the
point (l0, b0) = (79.◦37,−24.◦65), adopting θ = −73◦. The lon-
gitude was corrected for the change in scale of the latitude.
By doing this, the structure now has a vertical orientation
in the new (l ′,b′) coordinate system, aligned with l ′ ∼ 79◦.4.
Figure 4 shows the rotated region around the overdensity.
To confirm that our classic 2D rotation does not signif-
icantly distort the area at the stream location, similarly to
Shipp et al. (2018), we aligned the stream with the funda-
mental plane of an arbitrary reference frame whose pole is
Figure 3. Map of the distribution of the Galactic reddening
with 0.◦1 resolution. The E(B −V ) values in this map come from
Schlegel et al. (1998). We have found no correlation between lower
and higher values of extinction and the stellar stream reported in
this paper. The white arrows point to the position of the stream
and the yellow line shows the sky coverage of SDSS survey in the
region of the stream.
MNRAS 000, 1–9 (2018)
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Figure 4. Stellar projection of a smaller region of Figure 2 in the
(l′, b′) coordinate system. The yellow rectangle corresponds to
the “OnStream” Field (−27◦ < b′ < −19◦; 78.9◦ < l′ < 79.9◦). The
red rectangles define the “OffStream” Left Field and “OffStream”
Right Field that are located at (−27◦ < b′ < −19◦; 76.9◦ < l′ <
77.9◦) and (−27◦ < b′ < −19◦; 80.9◦ < l′ < 81.9◦), respectively.
located at RA = 226.16◦ and DEC = 28.96◦. We represent
the longitude and latitude in these coordinates as (φ1;φ2).
The longitude (φ1), along the stream, and latitude (φ2), per-
pendicular to the stream, of this frame has its origin close to
the middle of the stream. The difference in area between the
3D rotation and the 2D rotation is smaller than 1%. In Ap-
pendix A we provide the transformation matrix from ICRS
to the stream frame.
We rotated the SDSSgrgi sample to this new coordi-
nate system and used it to generate a 1D profile of the stel-
lar density in the region delimited by −27◦ < b′ < −19◦
and 76◦ < l ′ < 82.6◦, shown in Figure 5A. This is the
same sample used to generate Fig. 2C which gave us the
best contrast of stars for the stream. In this panel we can
see a clear peak at l ′ ∼ 79.◦4. From this signal, we de-
fine an ‘OnStream’ Field ranging from −27◦ < b′ < −19◦
and 78.9◦ < l ′ < 79.9◦, an ’OffStream’ Left Field, and an
‘OffStream’ Right Field located on either side of the over-
density at (−27◦ < b′ < −19◦; 76.9◦ < l ′ < 77.9◦) and
(−27◦ < b′ < −19◦; 80.9◦ < l ′ < 81.9◦), respectively, as
shown in Figure 4. Using the highest stream signal bin of 162
counts, we compared to the average background between 77
and 82 degrees, 120 stars. Using Poisson noise of the back-
ground, we estimate the significance of the stream to be 3.83
sigma.
To look for data anomalies that could give us the ap-
pearance of a faint stream at this location, we generated a
histogram of nearby red dwarfs having the same magnitude
range as that of the sample SDSSgrgi (see Fig. 5B). This
histogram does not show a peak in the region of the stream.
The fact that we cannot identify a similar peak among red-
der stars in the same magnitude range reinforces the idea
that the overdense region identified as a stream is not an
artifact of completeness.
We also searched for the signal of the candidate stream
in other photometric surveys. Of the public photometric sur-
Figure 5. One-dimensional distribution of stellar density in-
tegrated between −27◦ < b′ < −19◦. Panel A was generated
from the SDSSgrgi sample. It is possible to identify a peak at
79.◦3 < l′ < 79.◦7. In Panel B, showing the stellar density of faint
red dwarfs (the SDSSdwarf sample), a similar peak cannot be
found. The stream signature is fainter in the Pan-STARRs data
(Panel C, corresponding to the Pan-STARRsgi sample) but still
consistent with the results from the SDSS sample; the smaller
significance is probably due to the brighter limiting magnitude
in Pan-STARRs compared to the SDSS. In fact, when we apply
the same magnitude limits of the Pan-STARRsgi sample to the
SDSSgrgi sample (Panel D), a very similar result is obtained. In
all panels, the red line at l′ ∼ 79.◦4 marks the position of the
stream. Stars in the samples in panels A, B, and D were selected
to have a probability > 0.8, using the matched filter.
veys presently available in the literature, only Pan-STARRs
has coverage of the same area in both galactic coordinates
and magnitude (although it is somewhat shallower than
SDSS, going down to r0 ≈ 21.4). We applied a similar pro-
cedure as was used for the SDSS data to Pan-STARRs, as
described in Section 2: in this case, the likelihood filter was
MNRAS 000, 1–9 (2018)
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applied to the ((g − i)0, g0) CMD, yielding the sample Pan-
STARRsgi (see Table 1). Fig. 5C shows the histogram of
this Pan-STARRsgi sample rotated to the (l ′, b′) system and
limited by −27◦ < b′ < −19◦ and 76◦ < l ′ < 82.◦6. A peak
coincident in l ′ with that of Fig. 5A is clearly seen, showing
the same structure is present in the Pan-STARRs data. The
ratio of counts in this peak over the adjacent background
is slightly smaller than that in Fig. 5A, yeilding a signifi-
cance of ∼ 3.36σ. We believe this is due to Pan-STARRs
being shallower than SDSS. To test this, we built a new
SDSS sample having the same magnitude limits and using
the same likelihood filter used for Pan-STARRsgi. Its his-
togram is shown Fig. 5D; the peak corresponding to the
stream is still seen at l ′ ∼ 79.◦4, having an excess over the
background very similar to that seen for the Pan-STARRsgi
sample. We conclude that the stream we are reporting here
is also present in the Pan-STARRs survey.
Other signatures of this structure could not be found,
probably due to its faintness. We looked for SDSS stellar
spectra but no data seems to cover the extent of the stream.
We also searched for its candidate giants stars in LAMOST
data using CMDs with JHK magnitudes in agreement with
that of the isochrone used in Section 2, but no star passed
the selection criteria. We also did a cross-match with the
Gaia DR2 data, but the matched stars have large errors
in both proper motion and parallax; thus, the analysis with
Gaia was inconclusive. It is likely that one or two more years
of Gaia observations will be needed before we have useful
proper motions for these faint stars.
Figure 6A shows the CMD for the OnStream Field. The
average CMD of the OffStream Left Field and OffStream
Right Field (hereafter OffStream Fields) is shown in Fig-
ure 6B. Figure 6C shows the residual map subtracting the
OffStream Fields from the OnStream Field. In this panel,
positive counts (yellow) correspond to an excess in the On-
Stream field. From panel 6C an excess consistent with a MS
for a single stellar population can be seen, particularly for
r0 > 21.0. In Figure 6D we show the positive counts from
panel 6C to highlight the MS. Additionally, we plot the se-
lection isochrone used for the likelihood filter in Figure 1 is
marked in red, which matches the observed excess. In Figure
6C and D, the Hess diagrams have been smoothed using a
Gaussian kernel as described in Shipp et al. (2018).
We estimated the metallicity of the stream using a pho-
tometric metallicity estimator (Ivezic´ et al. 2008, Koposov
et al. 2010). Figure 7 shows four color–color diagrams. Again
we have broken the panels down into the OnStream Field,
OffStream Fields, and the residuals. Panel A of Figure 7
shows (g−r)0 versus (u−g)0 colors of the stars from the On-
Stream Field, whereas Panel B shows the average color-color
diagram from the OffStream Fields. We truncated the sam-
ple to (g − r)0 < 1.0 to remove most of contribution of thick
disk and halo stars in the color-color diagram. In the resid-
ual (OffStream Fields − OnStream Field) shown in Panel
C, it is not possible identify any high peak of counts, but
only small density fluctuations over all the color-color dia-
gram. However, in Panel D (OnStream Field − OffStream
Fields), the positive residual counts appear to have a higher
density point at ((u − g)0, (g − r)0) ∼ (1.07, 0.32) which we are
attributing to the stream. In Panel D, the SSP is shown as
a red dashed line. The peak of this region has more than 40
stars per bin while all the other dense region have at most 27
stars per bin. If we use the equations from Ivezic´ et al. (2008)
for the peak observed in the residual, we find a metallicity
for the stream of [Fe/H] ∼ −0.75. The 0.3 dex difference in
metallicity between isochrone and that from color–color dia-
gram is similar to that from Koposov et al. (2010); it is due
to the inaccuracy of the color–color diagram method, and
would mainly just change the age of the best fit isochrone.
We obtained the luminosity of the stream using the
same method of Perottoni et al. (2018) and PARSEC lumi-
nosity functions for a given SSP (Bressan et al. 2012). The
residual magnitude distribution was found by subtracting
the OffStream Fields from OnStream Fields only for stars
selected to have a probability > 0.8. We estimated the lumi-
nosity of the candidate stream as 1-3×103L. This indicates
that a possible progenitor of the stream is a globular cluster.
The luminosity function fitted to our residual magni-
tude distribution indicates that the stream is expected to
contain ∼ 10 red clump stars over OnStream Field. This
could be the reason why no giants for this area and distance
were found in the LAMOST data.
4 DISCUSSION AND CONCLUSIONS
We have detected the signature of a stream in the di-
rection of the constellation Pegasus, located at (l, b) ∼
(79.◦37,−24.◦65). The stream was found using a technique
that selects stars with higher probability of belonging to
a stellar population in two different color–magnitude dia-
grams. We show in Figure 2 the selection on multiple colors
and magnitudes could be used to enhance the signal of the
stellar populations as suggested by Perottoni et al. (2018).
The theoretical isochrone fit to the stream has an age of
8 Gyr with a metallicity of [Fe/H] = 0.46 dex. It is located at
a distance of approximately 18 kpc from the Sun (matched
filters at 15 kpc and 21 kpc produced no stream signal).
The metallicity from the adopted isochrone is compatible
with the metallicity obtained from the color-color diagram,
indicating that the population of the stream is possibly more
metal rich than the other already known streams (e.g. New-
berg & Carlin 2016; Shipp et al. 2018).
The Ivezic method and the metallicity from the
isochrones used to extract this SSP seem to have good
agreement. However, we acknowledge that there are certain
uncertainties to both of these methods and spectroscopic
data/members would be needed to confirm this high metal-
licity stream.
Due to the low surface brightness and narrow width of
the stream, the likely progenitor is a globular cluster. Due to
a lack of spectroscopic data, we are not able to fit an orbit for
this stream, nor link the stream to any other known clusters
or stellar substructure.
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can be better identified with just the positive residual counts of the residual CMD of (OnStream Field − OffStream Fields), in Panel D.
The positive residual counts of the stream can be compared with the isochrone (SSP) that was used at sample selection, marked in red.
The Hess diagrams in Panels C and D were smoothed with a 2D-Gaussian kernel with a standard deviation of 0.75 pixels, as in Shipp
et al. (2018).
ing Campaign to Support Milky Way Research, to CM and
HJN.
ARGJ thanks FAPESP proc. 2018/11239-8
Funding for SDSS-III has been provided by the Al-
fred P. Sloan Foundation, the Participating Institutions,
the National Science Foundation, and the U.S. Depart-
ment of Energy Office of Science. The SDSS-III web site
is http://www.sdss3.org/.
SDSS-III is managed by the Astrophysical Research
Consortium for the Participating Institutions of the SDSS-
III Collaboration including the University of Arizona, the
Brazilian Participation Group, Brookhaven National Lab-
oratory, Carnegie Mellon University, University of Florida,
the French Participation Group, the German Participation
Group, Harvard University, the Instituto de Astrofisica de
Canarias, the Michigan State/Notre Dame/JINA Partici-
pation Group, Johns Hopkins University, Lawrence Berke-
ley National Laboratory, Max Planck Institute for Astro-
physics, Max Planck Institute for Extraterrestrial Physics,
New Mexico State University, New York University, Ohio
State University, Pennsylvania State University, University
of Portsmouth, Princeton University, the Spanish Partic-
ipation Group, University of Tokyo, University of Utah,
Vanderbilt University, University of Virginia, University of
Washington, and Yale University.
The Pan-STARRS1 Surveys (PS1) have been made pos-
sible through contributions by the Institute for Astronomy,
the University of Hawaii, the Pan-STARRS Project Office,
the Max-Planck Society and its participating institutes, the
Max Planck Institute for Astronomy, Heidelberg and the
Max Planck Institute for Extraterrestrial Physics, Garch-
ing, The Johns Hopkins University, Durham University, the
University of Edinburgh, the Queen’s University Belfast, the
Harvard-Smithsonian Center for Astrophysics, the Las Cum-
bres Observatory Global Telescope Network Incorporated,
the National Central University of Taiwan, the Space Tele-
scope Science Institute, and the National Aeronautics and
Space Administration under Grant No. NNX08AR22G is-
sued through the Planetary Science Division of the NASA
Science Mission Directorate, the National Science Founda-
tion Grant No. AST-1238877, the University of Maryland,
Eotvos Lorand University (ELTE), and the Los Alamos Na-
tional Laboratory.
REFERENCES
Abolfathi, B., Aguado, D. S., Aguilar, G., et al. 2018, ApJS, 235,
42
Belokurov, V., Zucker, D. B., Evans, N. W., et al. 2006, ApJ, 642,
L137
Bonaca, A., & Hogg, D. W. 2018, arXiv:1804.06854
Bonaca, A., Geha, M., & Kallivayalil, N. 2012, ApJ, 760, L6
Bovy, J. 2016, Physical Review Letters, 116, 121301
Bovy, J., Bahmanyar, A., Fritz, T. K., & Kallivayalil, N. 2016,
ApJ, 833, 31
Bressan, A., Marigo, P., Girardi, L., et al. 2012, MNRAS, 427,
127
Carlberg, R. G., Grillmair, C. J., & Hetherington, N. 2012, ApJ,
760, 75
Chakrabarti, S., Bigiel, F., Chang, P., & Blitz, L. 2011, ApJ, 743,
35
MNRAS 000, 1–9 (2018)
8 H D. Perottoni et al.
Figure 7. Panels A and B show the color-color magnitudes of the OnStream Field and of the OffStream Fields, respectively. The
overdensity between 1.0 < (u − g)0 < 2.0 and 0.3 < (g − r)0 < 0.8 is mainly from thick disk and halo stars. Panel C shows the residual
color-color diagram of (OffStream Field − OnStream Fields). Panel D shows the opposite residual (OnStream Field − OffStream Fields).
The SSP is represented by the red dashed line at Panel D. There is an overdense region at ((u − g)0, (g − r))0 ∼ (1.07, 0.32), which we
identify as the stream signal. Using Equation 4 from Ivezic´ et al. (2008), we estimate for the stream a metallicity [Fe/H] = −0.75.
Chambers, K. et al. 2016, arXiv:1612.05560
Chequers, M. H., Widrow, L. M., & Darling, K. 2018,
arXiv:1805.12449
Chequers, M. H., & Widrow, L. M. 2017, MNRAS, 472, 2751
Dai, B., Robertson, B. E., & Madau, P. 2018, ApJ, 858, 73
The Dark Energy Survey Collaboration 2005, arXiv:astro-
ph/0510346
Doi, M., Tanaka, M., Fukugita, M., et al. 2010, AJ, 139, 1628
Drlica-Wagner, A., Bechtol, K., Rykoff, E. S., et al. 2015, ApJ,
813, 109
Erkal, D., Belokurov, V., Bovy, J., & Sanders, J. L. 2016, MNRAS,
463, 102
Erkal, D., & Belokurov, V. 2015, MNRAS, 454, 3542
Erkal, D., Li, T. S., Koposov, S. E., Belokurov, et al. 2018, MN-
RAS, 481, 3148
Fukugita, M., Ichikawa, T., Gunn, J. E., et al. 1996, AJ, 111, 1748
Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2018,
arXiv:1804.09365
Gaia Collaboration, Katz, D., Antoja, T., et al. 2018,
arXiv:1804.09380
Go´mez, F. A., White, S. D. M., Marinacci, F., et al. 2016, MN-
RAS, 456, 2779
Grillmair, C. J. 2012, in ASP Conf. Ser. 458, Galactic Archaeol-
ogy: Near-Field Cosmology and the Formation of the Milky
Way, ed. W. Aoki, M. Ishigaki, T. Suda, T. Tsujimoto, & N.
Arimoto (San Francisco, CA: ASP), 219
Grillmair, C. J., & Dionatos, O. 2006, ApJ, 643, L17
Helmi, A., Babusiaux, C., Koppelman, H. H., et al. 2018,
arXiv:1806.06038
Ivezic´, Zˇ., et al. 2008, ApJ, 684, 287
Johnston, K. V., & Carlberg, R. G. 2016, Tidal Streams in the
Local Group and Beyond, 420, 169
Jørgensen B. R., Lindegren L., 2005, A&A, 436, 127J
Juric´, M., Ivezic´, Zˇ., Brooks, A., et al. 2008, ApJ, 673, 864
Kaiser N., et al., 2010, Proc. SPIE, 7733, 77330E
Koposov, S.E.; Rix, H.W.; Hogg, D.W. 2010, ApJ, 712, 260
Koppelman, H. H., & Helmi, A. 2018, IAU Symposium, 330, 229
Ku¨pper, A. H. W., Balbinot, E., Bonaca, A., et al. 2015, ApJ,
803, 80
Laporte, C. F. P., Go´mez, F. A., Besla, G. and Johnston, K. V.,
Garavito-Camargo, N. 2018, MNRAS, 473, 1218
Laporte, C. F. P., Johnston, K. V., Go´mez, F. A., Garavito-
Camargo, N., & Besla, G. 2018, MNRAS, 481, 286
Law, D. R., & Majewski, S. R. 2010, ApJ, 714, 229
Majewski, S. R., Skrutskie, M. F., Weinberg, M. D., & Ostheimer,
J. C. 2003, ApJ, 599, 1082
Majewski, S.R., Ostheimer, J.C., Rocha-Pinto, H.J., et al. 2004,
ApJ, 615, 738
MNRAS 000, 1–9 (2018)
A Cold Stellar Stream in Pegasus 9
Martin, C., Carlin, J. L., Newberg, H. J., & Grillmair, C. 2013,
ApJ, 765, L39
Myeong, G. C., Evans, N. W., Belokurov, V., Amorisco, N. C., &
Koposov, S. E. 2018, MNRAS, 475, 1537
Ngan, W. H. W., & Carlberg, R. G. 2014, ApJ, 788, 181
Newberg, H. J., Yanny, B., Rockosi, C., et al. 2002, ApJ, 569, 245
Newberg, H. J., Willett, B. A., Yanny, B., & Xu, Y. 2010, ApJ,
711, 32
Newberg H.J., Carlin J.L., eds, 2016, Astrophysics and Space Sci-
ence Library, Vol. 420, Tidal Streams in the Local Group and
Beyond.
Odenkirchen, M., Grebel, E. K., Rockosi, C. M., et al. 2001, ApJ,
548, L165
Pen˜arrubia J., Koposov S. E., Walker M. G., 2012, ApJ, 760, 2
Purcell, C. W., Bullock, J. S., Tollerud, E. J., Rocha, M., &
Chakrabarti, S. 2011, Nature, 477, 301
Perottoni, H. D., Rocha-Pinto, H. J., Girardi, L., et al. 2018,
MNRAS, 473, 1461P
Rocha-Pinto, H. J., Majewski, S.R., Skrutskie, M. F., Crane,
J. D., & Patterson, R. J. 2004, ApJ, 615, 732
Sanderson, R. E., Hartke, J., & Helmi, A. 2017, ApJ, 836, 234
Sandford, E., Ku¨pper, A. H. W., Johnston, K. V., & Diemand, J.
2017, MNRAS, 470, 522
Schlafly E. F., Finkbeiner D. P., 2011, ApJ, 737, 103
Schlegel, D. J., Finkbeiner, D.P., & Davis, M. 1998, ApJ, 500,
525
Sesar, B., Ivezic´, Zˇ., Stuart, J. S., et al. 2013, AJ, 146, 21
Shipp, N., Drlica-Wagner, A., Balbinot, E., et al. 2018, ArXiv
e-prints, arXiv:1801.03097
Smith, J.A.;Tucker, D.L.;Kent, S. et al. 2002, AJ, 123, 2121
Stoughton, C., Lupton, R.H., Bernardi, M., et al. 2002, AJ, 123,
485
Tonry J. L., et al. 2012, ApJ, 750, 99
Velazquez, H., & White, S.D.M. 1999, MNRAS, 304,254
Vivas, A. K., & Zinn, R. 2006, AJ, 132, 714
Widrow, L. M., Gardner, S., Yanny, B., Dodelson, S., & Chen,
H.-Y. 2012, ApJ, 750, L41
Willett, B. A., Newberg, H. J., Zhang, H., Yanny, B., & Beers,
T. C. 2009, ApJ, 697, 207
Xu, Y., Newberg, H. J., Carlin, J. L., et al. 2015, ApJ, 801, 105
Xue, X. X., Rix, H. W., Zhao, G., et al. 2008, ApJ, 684, 1143
York, D. G., Adelman, J., Anderson, J. E., Jr., et al. 2000, AJ,
120, 1579
APPENDIX A: TRANSFORMATION FROM
EQUATORIAL COORDINATES TO PEGASUS
STREAM COORDINATES
The transformation matrix is represented as

cos(φ2) cos(φ1)
cos(φ2) sin(φ1)
sin(φ2)
 =
0.79396012 −0.44251763 0.41689983
−0.04887407 0.63704904 0.76927229
−0.60600218 −0.63114711 0.4841639
 ×

cos(α) cos(δ)
sin(α) cos(δ)
sin(δ)

This paper has been typeset from a TEX/LATEX file prepared by
the author.
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